We present both theoretical and experimental results of an ultracompact waveguide coupler that is capable of highly efficient coupling of light from strip waveguides to slot waveguides, and vice versa. By optimizing the geometrical parameters, it is possible to achieve extremely low-loss coupling. A coupling efficiency of 97% has been obtained experimentally while keeping the overall size down to the range below 10 m. Further analysis shows that the proposed coupler has relatively high tolerance to fabrication errors and is wavelength insensitive.
Recently, a lot of effort has been made to realize subwavelength light confinement, which is crucial to improve the integration density in the next generation optical communication system. Several novel technologies have been proposed. Plasmonic waveguides [1] can confine light in a very small area; however, to our knowledge there has not been a breakthrough to overcome the large propagation loss of this type of waveguides. Silicon nanowire waveguide technology [2] is promising for mass production, but the device performance is limited by the diffraction limit of light. To realize high optical confinement with low propagation loss, the slot waveguide concept [3] has been introduced. A slot waveguide consists of a thin low-index slot embedded between two high-index regions. To fulfill the continuity condition of the normal electric displacement ͑eE͒, a high-field concentration exists in the low-index region. Besides utilizing its high light confinement to improve the integration density, slot waveguides also find applications in many different fields, such as nonlinearity enhancement [4] and optical sensing [5] .
It has been experimentally demonstrated that light can be confined and guided in the ultrasmall lowindex region of a slot waveguide with low propagation loss [6] . For micro-/nano-optical devices, since the overall dimensions are very small, it is not the propagation loss but the coupling losses between different structures that greatly limit the device performance. Especially, owing to the large mode distribution difference between slot and strip waveguides, the direct coupling method would cause inacceptable loss. To our knowledge, not much work has been done to solve this key problem. In [7, 8] , low-loss mode converters are proposed. However, no experimental results are available. Here, we propose and experimentally confirm a compact coupler that can transform a strip mode to a slot mode and vice versa with negligible losses.
A schematic diagram of the coupler is shown in Fig.  1 . The whole structure is based on a silicon-oninsulator (SOI) material system. The thicknesses and refractive indices of the silicon layer and SiO 2 layer are h si = 250 nm, n si = 3.6 and h b =5 m, n b = 1.46, respectively. SiO 2 is also used to fulfill the slot and as a top cladding layer covering the whole structure. The width of the strip waveguide is w 1 = 400 nm, and the widths of the slot and the high-index region are w 2 = 100 nm, w 3 = 260 nm, respectively. In the inset of Fig. 1 , we plot the fundamental TE-polarized modes of the strip and slot waveguides at wavelength = 1550 nm. For the conventional end-fire coupling method, owing to the large field mismatch, the coupling loss is large ͑1.5 dB͒. To realize high efficient light coupling, we combine two complementary tapers together to form the proposed coupler. Inverted tapers are widely used for coupling light between silicon nanowire and large-size SiO 2 waveguides [9] . Instead of embedding tapered silicon nanowire into a large-size low-index waveguide, here, we taper the strip waveguide and insert it into the slot waveguide. The slot of the slot waveguide is also tapered to a size large enough to envelop the strip waveguide taper (as indicated in Fig. 1 ). The two high-index regions of the slot taper are also tapered into small tips to avoid reflections. Here, we set the lateral distance between the tips and the strip waveguide as d = 60 nm (see To simplify the analysis, we will keep the lengths of the two complementary tapers consistent in the following analysis. When light propagates along the taper from the strip to the slot waveguide, the optical mode will spread out of the strip waveguide, forming a similar mode profile of the slot waveguide in the two gaps between the two complementary tapers. Since these two gaps and the slot waveguide form a slot Y branch, which is helpful for mode converting, it is important to optimize the fabrication process to make sure that the Y branch is well shaped.
In Fig. 2 , we plot the optical field evolution in the proposed coupler. The finite-difference beam propagation method (BPM) is utilized to carry out this simulation. The grid size is ⌬x = 10 nm, ⌬y = 10 nm, and ⌬z = 10 nm. From this figure, we can find that optical power is efficiently coupled into the slot waveguide with a negligible loss. The inverse process from slot to strip waveguide is also presented, and it shows that this coupling process is really reciprocal. To evaluate the coupling process between strip and slot waveguides, we define the coupling loss for each coupler as
where P in and P out are the optical power in the input and output strip waveguides, respectively (see Fig.  2 ). Since the two same couplers are involved in this structure, the coupling loss is equally divided, and the coupling efficiency of each coupler can be calculated accordingly.
In the fabrication, we use the plasma-enhanced chemical vapor deposition technique developed at the Royal Institute of Technology, Stockholm, Sweden [10] , to obtain the SOI structure. The measured material loss of the amorphous Si is 1.5 dB/ cm in optimal case. After transferring patterns to the silicon layer by using inductively coupled plasma reactive ion etching dry-etching technology, a hydrogen silsesquioxane (HSQ) solution FOx-14 (from Dow Corning) is spun to cover the whole structure, and this film is transformed into silica by curing at 400°C for 4 h. A series of samples with different taper length is fabricated. The tip width of the strip taper is designed to be 20 nm, and all the other geometrical parameters are set to be the values mentioned above. Grating couplers [11] are fabricated on both sides of the devices to realize efficient light coupling between strip waveguides and optical fibers. Measurement results show that the highest coupling efficiency of the grating coupler is obtained around = 1475 nm. All the experimental results in this Letter are normalized by a 400-nm-wide reference waveguide.
In Fig. 3 , we plot both the theoretical (solid curve) and experimental (squares) coupling efficiencies for different taper lengths; all the other geometrical parameters are set to be the same values presented above. We also show the SEM top view and the cross section of the fabricated coupler in the inset of Fig. 3 , from which we find that the tip width is measured to be 27.9 nm and the sidewalls of the waveguide are nearly vertical. One can also find small air voids in the slot region that will increase the loss. For our measurements, free-space wavelength is set to be = 1475 nm in order to realize maximal light coupling efficiency from optical fibers to strip waveguides through grating couplers. From Fig. 3 , one can find that for very short taper length, the coupling efficiency is quite low. As the taper becomes longer, the efficiency increases dramatically. Already for L taper =8 m, which is much smaller than the one proposed in [8] , coupling efficiency is larger than 99.9%. The experimental results are consistent with the simulation results described above. When L taper =9 m, coupling efficiency as high as 97% is obtained. For larger taper length, the efficiency drops owing to the large propagation loss of the amorphous silicon waveguide. It is also important to notice that the coupling efficiency of the grating couplers may vary slightly for different samples. Since the loss of the proposed coupler is almost negligible, the variation in the grating coupling efficiency may influence the accuracy of the measurement for the coupling efficiency between the strip and slot waveguides with different taper lengths. We suspect that this kind of variation in grating coupling efficiency may also contribute to the relatively large variation in the measured coupling efficiency between strip and slot waveguides with different taper lengths. In the theoretical curve, the efficiency variation is not obvious, since the propagation loss is neglected and the coupling efficiency of grating coupler is assumed to be 100% (the small drop may be caused by accumulated calculation errors in the BPM simulation).
To analyze how the nonzero strip waveguide tip (as indicated by the inset of Fig. 4 ) affects the device performance, we calculate the coupling efficiencies with nonzero taper tips and plot the results in Fig. 4 . Taper length is set to be the optimal value, i.e., L taper =8 m. From this figure, one can find that with a 30 nm taper tip, the efficiency drop is very small (from 99.9% to 98.8%). For all the devices we fabricated, the tip widths of the tapers are all in the range of 20-30 nm, which means that the efficiency degradation due to the nonzero tip can be well controlled. To further improve the device performance, the dryetching process could be optimized to realize vertical and smooth sidewalls. Spinning process can also be optimized to avoid voids in the slot region. The presence of voids is found to strongly depend on the surface cleaning and the spinning speed.
Finally, we investigated the wavelength dependence of the coupler and plotted the results in Fig. 5 . The same optimized parameters are used. One can find that the coupling efficiency remains above 99% over a 600 nm wavelength range ͑1200-1800 nm͒. Since the strip waveguide is cut off for long wavelengths, the efficiency drops gradually when Ͼ 1600 nm. In the inset of Fig. 5 , we also plot the experimental results over a wavelength range. The coupling efficiency remains above 90% from 1464 to 1482 nm (the bandwidth is limited by the grating couplers). The small oscillation in the efficiency is caused by the slight difference in the coupling efficiency among the grating couplers of different samples. According to the results described above, we can conclude that the optimized device is wavelength insensitive.
In conclusion, we have designed, simulated, and fabricated an ultracompact highly efficient coupler between strip and slot waveguides. Coupling efficiency as high as 97% is obtained experimentally. Numerical and experimental results show that the proposed coupler is highly tolerable for fabrication imperfections and is wavelength insensitive. The proposed coupler provides an efficient way to use slot waveguides together with strip waveguides without introducing any large connection converters. It allows for the extensive utilization of slot waveguides in many applications. 
